Resume -On etudie la s t r u c t u r e des e t a t s de resonance geante par l a methode de l a regle des sommes. Cette regle appliquee au courant nucleaire f o u r n i t un champ de vitesse irrotationnel pour l e s e t a t s "porte". Cette m6me rPgle appliquee aux densites de t r a n s i t i o n permet de trouver une relation entre l e s forces a portee nulle e t l e s forces separables. La theorie de Tomonaga nous donne l a raison pour laquelle l e s forces a portee nulle e t l a force Q-Q predisent l a mPme 6nergie d'excitation pour l e mode quadrupolaire : c ' e s t parce que l e s forces effective8 ne rendent pas l a force de rappel. La force de rappel venant de 1 'augmentation de l ' e n e r g i e cinetique reproduit bien l a dependance en nombre de masse des valeurs experimentales de 7 'energie d 'excitation. La theorie de Tomonaga expl ique egalement 1 ' e t r o i t e s s e de 1 'amortissement de 1 ' e t a t quadrupolaire c o l l e c t i f comme l e resul t a t de l a commutation de son moment col l e c t i f avec l e s forces 6 portee nu1 l e .
I. INTRODUCTION
Since the strength f o r excitation of giant resonance s t a t e s exhausts most of t h e sum rule value f o r photoexcitation / I / , c h a r a c t e r i s t i c features of the resonance s t a t e s would be considered t o appear as a r e s u l t of the related model -independent sum rules. In t h i s paper we would l i k e t o discuss the s t r u c t u r e of g i a n t resonance s t a t e s on the basis of sum rules. In the next section we shall derive the sum rules f o r the nuclear four-current. Using those sum r u l e s , the f l u i d dynamical s t r u c t u r e of g i a n t resonance s t a t e s will be investigated in section 111. I t will be shown t h a t an i r r o t a t i o n a l flow model i s applicable t o the doorway s t a t e of g i a n t resonance s t a t e s . In section IV we shall show the relationship between zero-range forces and separable forces which a r e known t o explain well the systematics of excitation energies. In section V we shall discuss in more d e t a i l s r e s u l t s of sections, I11 and IV. With t h e aid of Tomonaga theory f o r c o l l e c t i v e motions, we will answer the following questions f o r the quadrupole mode. F i r s t , how do we obtain the mass-number dependence of A -~/~ in an i rrotational and incompressible flow model? Second, why do zero-range forces 1 i ke
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Skyme f o r c e and t h e Q-Q f o r c e p r o v i d e a s i m i l a r e x c i t a t i o n energy, d e s p i t e o f t h e i r d i f f e r e n t dependences on t h e n u c l e a r coordinates? L a s t , why i s t h e observed damping w i d t h narrow?
11. SUM RULES For t h e p a s t t e n years, v a r i o u s k i n d s o f sum r u l e s f o r t h e n u c l e a r f o u r -c u r r e n t were d e r i v e d by many a u t h o r s /2-4/. We would l i k e t o summarize b r i e f l y those sum r u l e s which w i l l be employed i n f o l l o w i n g s e c t i o n s . I n a p o i n t p a r t i c l e model, t h e spaceand t h e time-component o f t h e n u c l e a r four-current arewritten, r e s p e c t i v e l y , as :
For t h e n u c l e a r f o u r -c u r r e n t , t h e f o l l o w i n g sum r
u l e h o l d s /4/ where t h e s u b s c r i p t f o f i n d i c a t e s t h e d i f f e r e n t i a t i o n w i t h r e s p e c t t o ; and p o ( r ) stands f o r t h e ground s t a t e d e n s i t y ,
The above sum r u l e i s e a s i l y d e r i v e d by c a l c u l a t i n g a commutator When we use t h e i d e n t i t y f o r an a r b i t r a r y f u n c t i o n , f ( F ) , eq.(3) g i v e s t h e sum r u l e f o r t h e t r a n s i t i o n c u r r e n t s as / 3 / , The n u c l e a r f o u r -c u r r e n t s a t i s f i e s t h e c o n t i n u i t y equation : i n assuming t h a t t h e d e n s i t y o p e r a t o r commutes w i t h t h e n u c l e a r f o r c e s . When we app l y t h e c o n t i n u i t y e q u a t i o n t o t h e l a s t sum r u l e , eq.(7), we o b t a i n t h e f o l l o w i n g sum r u l e . f o r t h e t r a n s i t i o n d e n s i t i e s , where wn denotes the e x c i t a t i o n energy o f the nuclear state, In>. This sum r u l e has been derived by F a l l i e r o s , Noble, Ui e t a1 . / 2 / . I f we u t i l i z e the i d e n t i t y , eq.(6), i n the above sum r u l e , we o b t a i n f-sum r u l e which i s w e l l known i n a wide range of physics 151, where Sf i s u s u a l l y c a l l e d t h 2 sum r u l e value, Thus the above sum r u l e s are derived r a t h e r model-independently. Now l e t us assume i n the l a s t three sum r u l e s , eqs. (7), (9) and (10) t h a t a s i n g l e c o l l e c t i v e s t a t e , laf>, o n l y can be e x c i t e d by Then, those a r e w r i t t e n as follows, uf b$ing the e x c i t a t i o n energy o f Iwf>. Therefore, t h e t r a n s i t i o n c u r r e n t and density f o r the c o l l e c t i v e s t a t e , (wf>, are uniquely obtained as 12-4/
FLUID DYNAMICAL STRUCTURE
Using the above r e s u l t f o r t h e t r a n s i t i o n current, we explore the v e l o c i t y f i e l d o f the c o l l e c t i v e s t a t e ? Iuf>. ( 1 9 ) Hence, we can conclude t h a t t h e v e l o c i t y f i e l d o f (af> whose s t r e n g t h exhausts t h e sum r u l e v a l u e f o r f i s i r r o t a t i o n a l . Now l e t us discuss t h e v e l o c i t y f i e l d o f g i a n t resonance s t a t e s . I t i s known experi m e n t a l l y t h a t most o f t h e s t r e n g t h f o r p h o t o e x c i t a t i o n i s exhausted b y t h e g i a n t resonance s t a t e s . According t o t h i s f a c t , we assume t h e doorway s t a t e , IwX>, o f t h e g i a n t A-pole resonance s t a t e t o exhaust t h e sum r u l e v a l u e f o r r X YAu!P) (X 2 1 ) . Then t h e v e l o c i t y f i e l d , g X ( f ) , o f t h e doorway s t a t e i s g i v e n b y s e t t~n g f ( f ) = rA Yhy(r) i n eq.(18), One can f i n d t h a t t h e above v e l o c i t y f i e l d s a t i s f i e s as a r e s u l t o f t h e i d e n t i t y , 0' r X Y (p) = 0 (X t 1). Eq.(21) i m p l i e s i n f l u i d dynamical terms t h a t t h i s v e l o c i t y f i e P 8 i s incompressible. I t i s w e l l known t h a t t h e i r r o t a t i o n a l and incompressible f l o w has been assumed i n B o h r ' s l i q u i d drop model /6/. According t o t h e above d i s c u s s i o n s , we can say t h a t h i s assumption i s a p p l i c a b l e t o t h e doorway s t a t e of g i a n t resonances r a t h e r t h a t t o t h e l o w l y i n g c o l l e c t i v e s t a t e s /3/.
Recently, d e t a i l e d i n v e s t i g a t i o n /3,7/ on t h e v e l o c i t y f i e l d has been done w i t h i n t h e framework o f RPA. I t has been shown i n those m i c r o s c o p i c c a l c u l a t i o n s t h a t h i g h l y i n g c o l l e c t i v e s t a t e s whose s t r e n g t h exhausts most o f t h e sum r u l e v a l u e a r e w e l l des c r i b e d as an i r r o t a t i o n a l and incompressible mode. This r e s u l t i s s i m p l y understood from a sum r u l e p o i n t o f view as mentioned i n t h e above.
F o r t h e doorway s t a t e o f t h e g i a n t monopole resonance s t a t e , t h e f u n c t i o n f i s chosen t o be f = r2, because t h i s s t a t e i s known e x p e r i m e n t a l l y t o exhaust most o f t h e sum r u l e v a l u e f o r f = r2. Then eq. (18) 
I V . ZERO-RANGE FORCES AND SEPARABLE FORCES
Next we would l i k e t o discuss e f f e c t i v e n u c l e a r f o r c e s used i n RPA f o r t h e g i a n t resonance s t a t e s . F o r t h e p a s t several years, on one hand, i t was shown t h a t zerorange f o r c e s l i k e Skyrme f o r c e a r e v e r y u s e f u l f o r e x p l a i n i n g t h e e x c i t a t i o n energy o f t h e g i a n t resonance s t a t e s /9/. On t h e o t h e r hand, separable f o r c e s l i k e t h e Q-Q f o r c e a r e a l s o known t o work w e l l f o r e s t i m a t e o f t h e e x c i t a t i o n energies /10,11/. Although t h e two e f f e c t i v e f o r c e s have a d i f f e r e n t dependence on t h e n u c l e a r c o o r d inates, t h e r e must be some r e l a t i o n s h i p between them. I n t h i s s e c t i o n , we would l i k e t o e x p l o r e a r e l a t i o n s h i p between t h e two f o r c e s i n RPA. I n t h e n e x t s e c t i o n , we w i l l d i s c u s s i n more d e t a i l t h e reason why we o b t a i n a s i m i l a r e x c i t a t i o n energy from them. L e t us t a k e t h e f o l l o w i n g Skyrme f o r c e as anexample o f zero-range f o r c e s /12/, where P' i s a spin-exchange o p e r a t o r and to, x0 and t, a r e c o n s t a n t . A f t e r a l i t t l e manipulation, one can d e s c r i b e t h e RPA d i s p e r s i o n e q u a t i o n f o r s p i n -and i s o s p i nindependent modes as /13/ where m and i denote t h e p a r t i c l e and t h e h o l e s t a t e , r e s p e c t i v e l y and &mi and wn stand f o r t h e unperturbed and t h e p e r t u r b e d energy. Moreover we have d e f i n e d Kn and Gn(f) by w i t h t h e t r a n s i t i o n d e n s i t y , Once we w r i t e t h e d i s p e r s i o n e q u a t i o n as i n eq.(24), we can see t h a t t h e zero-range f o r c e i s e q u i v a l e n t t o t h e separable f o r c e of t h e Hamil t o n i a n where T i s t h e k i n e t i c p a r t and V H a F ( r ) r e p r e s e n t s t h e Hartree-Fock H a m i l t o n i a n obt a i n e d f r o m t h e Skyrme f o r c e , Thus, t h e zero-range f o r c e i n RPA can be expressed as a separable f o r c e . I t should be noted , however, t h a t t h e separable f o r c e depends on t h e t r a n s i t i o n d e n s i t y f o r t h e p e r t u r b e d s t a t e , Iwn>, so t h a t eq.(28) has t h e meaning f o r t h e s t a t e , Iwn>, o n l y .
Suppose t h a t one o f t h e p e r t u r b e d s t a t e s , [wa>, exhausts t h e sum r u l e v a l u e f o r phot o e x c i t a t i o n , t h a t i s , f o r f ( f ) = r A YAP(?)
. Then, according t o t h e sum r u l e r e s u l t , eq.(16), t h e t r a n s i t i o n d e n s i t y f o r t h e c o l l e c t i v e s t a t e i s w r i f t e n as C being constant. I n s e r t i n g t h i s i n t o eqs. (25) and (26) and u s i n g t h e Hartree-Fock f i e l d i n eq. ( 2 9 ) , t h e r e f o r e , we o b t a i n t h e ' r e l a t i o n s h i p between t h e Hartree-Fock f i e l d and t h e separable f o r c e f o r t h e c o l l e c t i v e s t a t e /13/, JOURNAL DE PHYSIQUE T h i s r e l a t i o n s h i p has been o b t a i n e d from eq. (23), b u t i s d e r i v e d a l s o from more gene r a l densi ty-dependent zero-range f o r c e s . Now l e t us impose t h e above r e l a t i o n s h i p on a harmonic o s c i l l a t o r p o t e n t i a l model. By r e p l a c i n g V H . F (~) i n eqs. (31) and (32) b y a harmonic o s c i l l a t o r p o t e n t i a l we obt a i n t h e f o l l o w i n g separable f o r c e , where SX denotes t h e sum r u l e v a l u e f o r f (; )
This i s n o t h i n g b u t t h e separable f o r c e o b t a i n e d I by Bohr and Motte son e t a?./11,14/. Thus, t h e harmonic o s c i l l a t o r p o t e n t i a l and Bohr-Mottelson's separable f o r c e s a t i s f y eqs. (31) and (32) o b t a i n e d from t h e zerorange f o r c e i n a sum r u l e l i m i t . As w i l l be shown l a t e r , t h i s r e l a t i o n s h i p , eqs. (31) and ( 3 2 
) , between t h e Hartree-Fock f i e l d and t h e separable f o r c e p l a y s an e s s e n t i a l r o l e i n e s t i m a t i n g t h e e x c i t a t i o n energy of t h e c o l l e c t i v e s t a t e , r a t h e r than t h e f a c t t h a t a harmonic o s c i l l a t o r p o t e n t i a l i s used as V H . F (~) . B e f o r e g o i n g t o t h e n e x t s e c t i o n i t would be w o r t h w h i l e n o t i n g t h e f o l l o w i n g comment.
Bohr and M o t t e l s o n e t a1 ./11,14/ have d e r i v e d t h e separable force, eq.(33), on t h e b a s i s o f two assumptions : volume c o n s e r v a t i o n , and t h e s e l f -c o n s i s t e n c y between deformations o f t h e d e n s i t y and t h e harmonic o s c i l l a t o r p o t e n t i a l . The former i s r el a t e d t o t h e assumption o f t h e sum r u l e l i m i t i n t h e p r e s e n t model, as seen from t h e arguments i n t h e p r e v i o u s s e c t i o n , w h i l e t h e l a t t e r i s t h e assumption assured i n zero-range f o r c e s .
V. FURTHER DISCUSSIONS
For t h e arguments i n t h e l a s t two s e c t i o n s , i t would be n a t u r a l t o ask t h e f o l l o w i n g t h r e e questions. F i r s t , we have concluded t h a t t h e doorway s t a t e o f t h e g i a n t r e sonance s t a t e s i s described i n terms o f i r r o t a t i o n a l and incompressible f l o w . B o h r ' s l i q u i d drop model assuming t h i s v e l o c i t y f i e l d , however, p r e d i c t s t h e e x c i t a t i o n energy o f t h e auadrupole mode t o have ~-l /~-d e~e n d e n c e /Il/,model whereas experiment a l values show r a t h e r A-'l3 dependence / I / . Can we s o l v e t h i s discrepancy? Second, we have shown some r e l a t i o n s h i p between zero-range f o r c e s and Bohr-Mottelson's separ a b l e f o r c e . I t i s n o t enough, however, t o answer t h e . q u e s t i o n why t h e b o t h e f f e c t i v e i n t e r a c t i o n s p r o v i d e a s i m i l a r e x c i t a t i o n energy, d e s p i t e o f t h e i r d i f f e r e n t dependences on t h e n u c l e a r c o o r d i n a t e s . L a s t , a l l arguments i n t h e p r e v i o u s s e c t i o n s a r e based on t h e assumption t h a t t h e sum r u l e v a l u e f o r p h o t o e x c i t a t i o n i s exhausted b y a s i n g l e c o l l e c t i v e s t a t e . Hence, we should ask how t h e damping o f t h i s s t a t e i s o r i f t h e c o u p l i n g o f t h i s s t a t e w i t h o t h e r degrees o f freedom i s weak. I n o r d e r t o answer q u a l i t a t i v e l y these questions, l e t us d i s c u s s i n more d e t a i l t h e doorway s t a t e , i n p a r t i c u l a r , ofthequadrupolemodeaccordingtoTomonagatheory/15/forcollectivemotion~.
V . l Tomonaga t h e o r y
I n h i s l a s t paper /15/ p u b l i s h e d i n 1955, Tomonaga proposed a quantum mechanical t h e o r y o f c o l l e c t i v e motions. He a p p l i e d h i s t h e o r y t o an i r r o t a t i o n a l and incomp r e s s i b l e n u c l e a r v i b r a t i o n and t h e plasma o s c i l l a t i o n . I n p a r t i c u l a r he showed t h a t t h e frequency of. t h e plasmon i s w e l l reproduced and t h a t i t i s q u a l i t a t i v e l y understood why t h e plasmon appears as a sharp resonance s t a t e . I n t h i s subsection, l e t us b r i e f l y r e v i e w t h e framework o f h i s theory.
I n short, when we f i n d a c o l l e c t i v e coorpinate and a momentum, 5 and .rr, s a t i s f y i n g the canonical commutation r e l a t i o n , II<,nd -i , Tomonaga theory t e l l s us how one can separate t h e t o t a l Hamiltonian :
i n t o t h r e e p a r t s : H = H c o l l . 
F i r s t t h e k i n e t i c p a r t o f the c o l l e c t i v e Hamiltonian, Tc, i s supposed t o come from the k i n e t i c p a r t o f the t o t a l Hamiltonian,
where t and TC i s given by 
I being the momentum i n e r t i a * . Since we a r e i n t e r e s t e d i n up t o t h e quadratic term o f n, H-TC i s required t o commute w i t h
This requirement w i l l provide the value o f the momentum i n e r t i a f o r the c o l l e c t i v e motion.
Next, V and t are expanded i n terms o f 5. For example, V i s w r i t t e n as
where the c o e f f i c i e n t s are given by Vo = Cv)i , o' I n t h e above equation, we need the expression o f V, aV/ag and a2V/a25 a t 5=0, Up t o second order o f 5, these c o e f f i c i e n t s can be w r i t t e n as Thus i f we have expressions o f 5 and IT i n terms o f t h e nuclear coordinates and momenta, these c o e f f i c i e n t s a r e a l s o described i n terms o f t h e nuclear coordinates and momenta.
*For i s o v e c t o r modes-or3 being momentum dependent, TC stems from T + V rather-th3n
T only, because o f [_V,i_I $1 0. I n the f o l l o w i n g discussions, we w i l l assume /_V,t_/=O.
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F i n a l l y , we o b t a i n t h e expression o f the Hamiltonian as The f i r s t two terms provides us w i t h the Hamiltonian f o r the c o l l e c t i v e motion, while the l a s t term describes the other degrees o f freedom, The t h i r d term i n eq.(51) i s i n t e r p r e t e d as the coupling Hamiltonian between t h e c o l l e c t i v e mode and others,
A l l the terms are expressed s e l f -c o n s i s t e n t l y using the o r i g i n a l f o r c e and t h e k i n e ti c energy. The e x c i t a t i o n energy o f the c o l l e c t i v e s t a t e i s given by {(T, + V , ) / I~~/~.
V.2 Quadrupole e x c i t a t i o n a) C o l l e c t i v e variables Vow l e t us apply Tomonaga theory t o the g i a n t quadrupole s t a t e . F i r s t we must f i n d the c o l l e c t i v e variables t o describe the doorway s t a t e . I n discussing t h e c o l l e c t i v e s t a t e t o exhaust the sum r u l e value f o r photoexcitations, we can take t h e c o l l e c t i v e coordinate t o be
k = l C being constant. The canonical momentum would be chosen as because, as mentioned i n section 111, the v e l o c i t y f i e l d o f the c o l l e c t i v e s t a t e i s i r r o t a t i o n a l and incompressible and t h i s T induces such a motion. When we c a l c u l a t e the commutator between E, and T, we have U n f o r t u n a t e l y , t h i s does n o t have a c a n o n i c a l form. However, i f we r e p l a c e r.h.s. by i t s ground s t a t e e x p e c t a t i o n value, <O/a10>, and choose C t o be 1/4 A<r2>, we can o b t a i n t h e c a n o n i c a l commutation r e l a t i o n ,
The o r d e r o f t h i s approximation i s e s t i m a t e d by c a l c u l a t i n g t h e mean d e v i a t i o n , < 0 1 6~( 0 > -<01a)0>2. I n u s i n g a harmonic o s c i l l a t o r p o t e n t i a l model, we f i n d which i s small enough t o be n e g l e c t e d f o r heavy n u c l e i . Therefore, l e t us t a k e t h e above 5 and T as t h e c o l l e c t i v e v a r i a b l e s f o r t h e quadrupole mode.
F o r l a t t e r d i s c u s s i o n s , i t i s w o r t h w h i l e n o t i n g t h a t Qo and T s a t i s f y t h e r e l a t i o ns h i p :
eq. (60) and t h e canonical commutation r e l a t i o n between 5 and IT y i e l d s where s ( ' ) i s w r i t t e n as Thus, t h o n s t a n t C i n 5 = C Qo i s r e l a t e d t o t h e l i n e a r l y energy-weighted sum r u l e value, SYIS, f o r Q,, b ) The momentum i n e r t i a
The momentum i n e r t i a i s o b t a i n e d by r e q u i r i n g eq. (39). I n s e r t i n g t h e expressions o f 5 and T i n t o eq.(39), we o b t a i n I I = -m2 s ( I ) = 2 mh<r2>.
(64) T h i s i s n o t h i n g b u t the well-known momentum i n e r t i a o b t a i n e d i n t h e i r r o t a t i o n a l and incompressible l i q u i d drop model /!I/. c ) E x c i t a t i o n energy L e t us e s t i m a t e t h e e x c i t a t i o n energy o f t h e c o l l e c t i v e s t a t e b y u s i n g two k i n d s o f e f f e c t i v e n u c l e a r f o r c e s mentioned b e f o r e : zero-range f o r c e s and t h e Q.Q f o r c e .
Zero-ran e orce : t h e r e s t o r i n g f o r c e , T2 + V2, i s o b t a i n e d by c a l c u l a t i n g t h e doub l e comm~ta{ors i n eqs. (46) and (50). As shown by M a r t o r e l l e t a1./16/, zero-range f o r c e s commute w i t h T , C4-260 JOURNAL DE PHYSIQUE Therefore, t h e r e s t o r i n g f o r c e o f t h e quadrupole mode comes from t h e k i n e t i c p a r t o f t h e Hamil t o n i a n , This i s n o t constant, b u t r.h.s. i s r e p l a c e d by i t s e x p e c t a t i o n v a l u e o f t h e ground s t a t e , i n n e g l e c t i n g t h e mean d e v i a t i o n o f o r d e r A -' /~, T2 = <OIT,IO> = 8 <OlT/O>,
<O/TIO> b e i n g t h e t o t a l k i n e t i c energy o f t h e system. Therefore, f r o m eqs. (64) and (67) we o b t a i n t h e e x c i t a t i o n energy o f t h e quadrupole s t a t e as /16,17/ Q-Q force : l e t us w r i t e t h e n u c l e a r i n t e r a c t i o n , V, as ( 3 2 ) , we o b t a i n t h e c a n c e l l a t i o n between t h e r e s t o r i n g f o r c e s from t h e Hartree-Fock p o t e n t i a l and from t h e Q.Q f o r c e . Therefore, t h e r e s t o r i n g f o r c e i n t h e p r e s e n t model stems from t h e k i n e t i c energy as i n t h e model w i t h zero-range f o r c e s , and y i e l d s t h e same e x c i t a t i o n energy f o r t h e quadrupole mode as i n eq.(68).
, where v ( ' ) represents a harmonic o s c i l l a t o r p o t e n t i a l , w h i l e v(') t h e Q-Q f o r c e g i v e n i n eq. (33) f o r A=2. When we c a l c u l a t e t h e double commutator between V and n , we have n e g l e c t i n g t h e mean d e v i a t i o n o f o r d e r A -~/~ i n b o t h t h e r i g h t hand s i d e s . The above two equations p r o v i d e us w i t h j u s t as i n t h e case o f zero-range f o r c e s . Thus, i f t h e s t r e n g t h o f t h e Q.Q f o r c e i s determined so as t o s a t i s f y i t s r e l a t i o n s h i p t o t h e harmonic o s c i l l a t o r p o t e n t i a l , eqs.(31) and
According t o t h e above d i s c u s s i o n s on t h e e x c i t a t i o n energy, we a r e ready t o answer t h e f i r s t two questions mentioned a t t h e b e g i n n i n g of t h i s s e c t i o n . F i r s t , t h e massnumber dependence o f t h e e x c i t a t i o n energy f o r t h e quadrupole mode i s e a s i l y seen from eq. ( 6 8 ) . The r e s t o r i n g f o r c e i s p r o p o r t i o n a l t o t h e t o t a l k i n e t i c energy, t h a t i s , t o A, w h i l e t h e momentum i n e r t i a t o A 5 j 3 . AS a r e s u l t we o b t a i n t h e e x c i t a t i o n energy p r o p o r t i o n a l t o A-'I3. I f we e s t i m a t e t h e k i n e t i c energy by a harmonic o s c i ll a t o r p o t e n t i a l model w i t h t h e o s c i l l a t o r parameter, w, t h e v i r i a l theorem p r o v i d e s us w i t h <OITIO> = mu2
A<r2>/2. I n s e r t i n g t h i s v a l u e i n t o eq. (68) and t a k i n g t h e v a lue u = 41/A1I3 (MeV) determined from t h e mean square r a d i u s o f n u c l e i /11/, we obt a i n t h e e x c i t a t i o n energy /10,1 I / , 2 = 47 w = 58/A1I3 (MeV),
which i s i n good agreement w i t h experimental v a l u e % 6 5 /~' /~ (MeV) /I/.
Since t h e momentum i n e r t i a o f t h e p r e s e n t model i s t h e same as t h a t o f B o h r ' s l i q u i d drop model, t h e d i f f e r e n c e between t h e mass-number dependences o f t h e two models i s due t o t h e i r r e s t o r i n g forces. The p r e s e n t arguments p r o v i d e us w i t h t h e r e s t o r i n g f o r c e coming from t h e i n c r e a s e o f t h e k i n e t i c energy due t o t h e deformation o f t h e
system /19/. In c o n t r a s t , the restoring force in the liquid drop model i s assumed t o stem mainly from the surface t e sion / I I / . This yields ~, /~-d e~e n d e n c e of t h e restoring force, so t h a t one has A-'12-dependence of the excitation energy in the liquid drop model. Thus, i f we take i n t o account the contribution from t h e increasing of the kinetic energy t o the restoring f o r c e , we can reproduce the systematics of the experimental values using the i r r o t a t i o n a l and incompressible flow model.
The second question was why zero-range forces and the Q.Q force yield a similar excitation energy. The answer i s provided i n eqs. (65) and (72). The both e f f e c t i v e forces do not produce the restoring force. I t should be noted t h a t , in f a c t , eq. (72) i s not peculiar t o the model with a harmonic o s c i l l a t o r potential and the Q.Q force. For any Hartree-Fock f i e l d and separable force which s a t i s f y the relationship, eqs. (31 ) and (321, there occurs such a cancel l a t i o n between restoring forces from the Hartree-Fock potential and from the residual interaction. Thus, in order t o obtain the excitation energy, eq. (58), i t i s not necessary t h a t the Hartree-Fock f i e l d and the separable force show a nuclear-coordinate dependence similar t o t h a t from the zero-range forces. This cancellation i s probably understood a s follows. When the nucleus i s deformed, t h e overlap between t h e nuclear density and t h e spherical Hartree-Fock f i e l d becomes bad. As a r e s u l t , the energy of the system increases and we have a restoring force coming from the Hartree-Fock potential /4/. The separable force which s a t i s f i e s eqs. (31 ) and ( 3 2 ) , however, restores the self-consistency between the density and the potential. Indeed, the separable forces by Bohr and Mottelson e t a l . have been derived with requiring the self-consistency /11/. After the self-consistency i s restored, therefore, we should have V, = 0.
Before discussing the damping term t o answer the t h i r d question, we would l i k e t o note one comment on the relationship between the excitation energy obtained in the above and the energy moments of the response function. As noted i n b ) , the momentum i n e r t i a i s proportional t o t e f i r s t momentforQo, t h a t i s , the l i n e a r l y energyweighted sum rule value, S(lY. Using eq.(60) and /-V,<] = 0 , the restoring force, T, + V,, i s described as so t h a t i t s ground s t a t e expectation value i s proportional t o the t h i r d moment, s (~) , where s (~) = 1 W: ~<~~Q~~O >~~. n Hence, the excitation energy obtained in eq. (68) 
i s t h e r a t i o of s (~) t o s ( ' ) ,
-vs -. * 6' 2 -
The f a c t t h a t I S (~) / S ( ' ) }~/~ yields eq.(68) has been already shown by Martorell e t a1./16,18/ i n another point of view. In p a r t i c u l a r , f o r the meaning of t h i s r a t i o i n RPA, we should r e f e r t o t h e i r work.
d) Coup1 ing Hami 1 tonian
In order t o say t h a t the c o l l e c t i v e s t a t e mentioned above i s well defined and observed in nuclei, we should explore its,damping. I f the coupling of the c o l l e c t i v e s t a t e with other i n t r i n s i c s t a t e s were trong, t h e c o l l e c t i v e s t a t e would be destroyed so t h a t one could not observe i f a s a sharp resonance s t a t e .
In Tomonaga theory the coupling term i s provided by eq.(54) which i s self-consistent with Hcoll. and Hint.. In the approximation neglecting the mean deviation of order
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A -~/~, t h e c o u p l i n g t e r m coming from t h e k i n e t i c p a r t i 9 w r i t t e n as This i s a one-body o p e r a t o r and causes t h e c o u p l i n g o f t h e c o l l e c t i v e s t a t e w i t h t h e i n t r i n s i c 1 p a r t i c l e -1 h o l e s t a t e s , t h a t i s , Landau damping. When we assume t h e i n t r i n s i c Hartree-Fock f i e l d t o be a harmonic o s c i l l a t o r p o t e n t i a l , eq.(78) i s w r i t t e n as A T1 = -ma2 C { ( 2 Z ; -x i -y i ) + b' ( 2 p i k -p: k -p y i ) l (79) k = l w i t h u s i n g t h e a b b r e v i a t i o n b 2 = l/mw. T h i s i m p l i e s t h a t T, can e x c i t e t h e onlyt I -p a r t i c l e -1 h o l e s t a t e s w i t h i n t h e same s h e l l . Since t h e c o l l e c t i v e s t a t e considered a r e m a i n l y composed o f 2f3w-excitations, T, seems n o t t o be i m p o r t a n t f o r t h e damping of t h e h i g h l y i n g s t a t e . Of course, a p a r t o f t h e s t r e n g t h f o r Qo i s absorbed by t h e low l y i n g s t a t e s through TI 5 . C o n t r i b u t i o n o f n u c l e a r f o r c e s t o t h e c o u p l i n g t e r n may be g e n e r a l l y complicated. I n assuming zero-range n u c l e a r f o r c e s , however, we can o b t a i n simply an i n t e r e s t i n g r es u l t . As mentioned b e f o r e /16/, th_e c -o l l e c t i v e momentum f o r t h e quadrupole mode, TT, commutes w i t h zero-range f o r c e s , (IT,V_( = 0. Therefore, zero-range f o r c e s do n o t p r o v i d e any c o u p l i n g term, V, = 0.-From t h i s f a c t , we can expect t h a t t h e c o l l e c t i v e s t a t e i s w e l l d e f i n e d as t h e doorway s t a t e o f t h e g i a n t quadrupole resonance. The observed damping w i d t h o f 3 -4 MeV /I/ would be m a i n l y due t o T.5 f o r c e , t h e f i n i t erange p a r t o f n u c l e a r i n t e r a c t i o n s and h i g h e r o r d e r terms n e g l e c t e d i n t h e p r e s e n t d i s c u s s i o n s .
The p r e s e n t r e s u l t s on t h e damping t e r m a r e r e s t r i c t e d t o t h e quadrupole mode. F o r o t h e r modes, t h e c o l l e c t i v e momentum, n , does n o t commute even w i t h z e r o -r a n g e f o r c e s . Therefore, i t i s n o t easy t o g i v e a q u a l i t a t i v e answer t o t h e q u e s t i o n whether o r n o t t h e i r damping w i d t h s a r e narrow. Since Tomonaga t h e o r y p r o v i d e s us w i t h t h e c o u p l i n g term s e l f -c o n s i s t e n t l y , however, i t i s i n t e r e s t i n g t o e x p l o r e i n d e t a i l t h e damping o f o t h e r c o l l e c t i v e modes, i n p a r t i c u l a r o f t h e monopole mode. T h i s w i l l be discussed e l sewhere.
